Oxidative stress-associated endothelial injury is the initial event and major cause of multiple cardiovascular diseases such as atherosclerosis and hypertensive angiopathy. A protein homeostasis imbalance is a critical cause of endothelial injury, and homologous to E6AP C-terminus (HECT)-type E3 ubiquitin ligases are the core factors controlling protein homeostasis. Although HECT-type E3 ubiquitin ligases are involved in the regulation of cardiac development and diseases, their roles in endothelial injury remain largely unknown. This study aimed to identify which HECT-type E3 ubiquitin ligase is involved in endothelial injury and clarify the mechanisms at molecular, cellular, and organism levels. We revealed a novel role of the HECT-type E3 ubiquitin ligase WWP2 in regulating endothelial injury and vascular remodeling after endothelial injury. Endothelial/myeloid-specific WWP2 knockout in mice significantly aggravated angiotensin II/oxidative stress-induced endothelial injury and vascular remodeling after endothelial injury. The same results were obtained from in vitro experiments. Mechanistically, the endothelial injury factor Septin4 was identified as a novel physiological substrate of WWP2. In addition, WWP2 interacted with the GTPase domain of Septin4, ubiquitinating Septin4-K174 to degrade Septin4 through the ubiquitin-proteasome system, which inhibited the Septin4-PARP1 endothelial damage complex. These results identified the first endothelial injury-associated physiological pathway regulated by HECT-type E3 ubiquitin ligases in vivo as well as a unique proteolytic mechanism through which WWP2 controls endothelial injury and vascular remodeling after endothelial injury. These findings might provide a novel treatment strategy for oxidative stress-associated atherosclerosis and hypertensive vascular diseases.
Introduction
Cardiovascular diseases are one of the major threats to human health, representing the number one killer worldwide. Oxidative stress including accumulation of reactive oxygen species (ROS) plays a critical role as a pathological factor for endothelial injury that constitutes the initial event and major cause of multiple cardiovascular diseases such as atherosclerosis and hypertensive vascular diseases [1] [2] [3] . Posttranslational modification of proteins represents an important regulatory mechanism in cardiovascular diseases, in which ubiquitination controls protein stabilization and transport as well as protein-protein interactions through a chain-like polyubiquitin reaction [4] [5] [6] [7] [8] .
E3 ubiquitin ligases mainly include RING-type and HECT-type ligases that specifically recognize downstream substrates and are the core factors in ubiquitination. HECT-type E3 ubiquitin ligases catalyze Lys ubiquitination in many proteins, which is essential for protein homeostasis and cell signal transduction [9, 10] . Recent findings have revealed that HECT-type E3 ubiquitin ligases are involved in the regulation of myocardial injury and heart failure [11] [12] [13] . However, no report has assessed HECT-type E3 ubiquitin ligases in endothelial in-jury. Therefore, it is extremely important to evaluate the involvement of HECT-type E3 ubiquitin ligases in endothelial injury and explore the underlying molecular mechanisms, which may provide new strategies for the prevention and treatment of atherosclerosis and hypertensive vascular diseases.
We found that the HECT-type E3 ubiquitin ligase WWP2, a major NEDD4 family member, but not WWP1, another member of the NEDD4 family, was involved in endothelial injury and vascular remodeling after endothelial injury as a novel regulatory factor. Endothelial/myeloid-specific WWP2 knockout in mice significantly aggravated angiotensin II (AngII)-induced endothelial injury and vascular remodeling after endothelial injury, which was consistent with in vitro findings. A new physiological substrate of WWP2 was found while investigating the underlying mechanism, namely the endothelial injury factor Septin4 [14] . We found that WWP2 interacted with the GTPase domain of Septin4 and promoted Septin4 degradation via the ubiquitin-proteasome pathway. We also clarified that Septin4 lysine residue 174 (K174) was the key ubiquitination site modified by WWP2. This inhibited formation of the Septin4-PARP1 endothelial injury complex. The present study revealed the roles of WWP2 and Septin4 at molecular, cellular, and organism levels, and the WWP2-Septin4 axis may be a novel target for the prevention and treatment of atherosclerosis and hypertensive vascular diseases.
Materials and methods

Establishment of endothelial/myeloid-specific WWP2 knockout mice
Conditional endothelial/myeloid WWP2 knockout mice (Tek Cre +;WWP2 FL/FL ) and Tek Cre-;WWP2 FL/FL mice were established by the Shanghai Biomodel Organism Science & Technology Development. Endothelial/myeloid WWP2 knockout mice were confirmed by western blotting (Fig. 1B and C) and detailed Tek Cre+;WWP2 FL/FL and Tek Cre-;WWP2 FL/FL mouse information is shown in Fig. 1A . All animals were maintained under pathogen-free conditions. Experiments were performed using 8-10-week-old male mice. For NaCl and AngII (A9525, Sigma, USA) infusion models, Tek Cre+;WWP2 FL/FL and Tek Cre-;WWP2 FL/FL mice were implanted with osmotic minipumps (model 2002; Alzet), according to the manufacturer instructions. Isoflurane inhalation was first used to anesthetize the mice. An incision was made in the middle scapular region, and an osmotic minipump was implanted subcutaneously into the back of the mouse. Mice were infused with NaCl or AngII (1.5 mg/kg/day) for 14 days at 0.5 μL/h. The mice were divided into four groups, Tek Cre-;WWP2 FL/FL with NaCl (nine mice), Tek Cre-;WWP2 FL/FL with AngII (nine mice), Tek Cre+;WWP2 FL/FL with NaCl (nine mice), and Tek Cre+;WWP2 FL/FL with AngII (nine mice), with a total of 36 mice. Before sampling, the mice were anesthetized with isoflurane and then sacrificed by neck off. Blood pressure was measured daily by the tail-cuff method. Endothelial/myeloid WWP2 knockout in vivo at the study endpoint was assessed by western blotting. All animal handling complied with animal welfare regulations of China Medical University. The Animal Subject Committee of China Medical University approved the animal study protocol (permission number: 2019001).
MicroCT and 3D reconstruction
Micro-computed tomography (microCT-Imaging skycan 1276, Bruker, Germany) was performed at 70 kV (200 μA), acquiring 1237 projections (1520 × 1264) in 6 min 43 s with tubes continuously rotating. Angiograms were obtained in 20 × 20 × 20 μm 3 voxels by DataViewer software (Bruker) with correction for ring artefacts. After image reconstruction, data visualization was carried out using NRecon software (Bruker), and CTAn software (Bruker) was employed for further assessment. Upon 3D spine segmentation by interactive delineation of the aorta in 100 and 200 slices (2 and 4 mm, respectively), the artery and vein circumference were assessed by the mean heart tissue brightness following contrast agent injection into an artery and precontrast agent injection set at 100% and 0%, respectively [15] .
Immunohistochemical analysis
Mouse vascular tissues were immersed in 4% paraformaldehyde for 4 h and then transferred to 70% ethanol. Individual lobes of the tissues were placed in processing cassettes, dehydrated through a serial alcohol gradient, and then embedded in paraffin. Before immunostaining, 5 μmthick vascular tissue sections were dewaxed with xylene, rehydrated through decreasing concentrations of ethanol, washed in PBS, and then stained with hematoxylin and eosin (HE) and a Masson's Trichrome Stain Kit (G1340, Solarbio, China). After staining, the sections were dehydrated through increasing concentrations of ethanol and xylene.
Cell culture, transfection, and immunoprecipitation
Human umbilical vein endothelial cells (HUVECs) were obtained from Cambrex (China Center for Type Culture Collection, Wuhan, China) and cultured in Dulbecco's modified Eagle's medium (DMEM) (HyClone, Logan, UT, USA) with 10% fetal bovine serum (FBS) (HyClone) at 37°C in a humidified atmosphere with 5% CO 2 . The HUVECs were used at passage 4-6 for experiments. Plasmid transfections were carried out using Lipofectamine 3000 (Invitrogen, California, USA), according to the manufacturer's instructions (plasmid/transfection reagent = 1 μg/2.4 μl). For immunoprecipitation, cells were washed twice and lysed with flag lysis buffer (50 mM Tris, 137 mM NaCl, 1 mM EDTA, 10 mM NaF, 0.1 mM Na 3 VO 4 , 1% NP-40, 1 mM DTT, and 10% glycerol, pH 7.8) containing fresh protease inhibitors. Cell lysates were incubated with an antibody (antibody/cell lysates = 1 μg/mg) for 3 h and then incubated with 30 μl Protein A/G immunoprecipitation magnetic beads (B23202, Biotool, USA) for 12 h at 4°C or 30 μl anti-Flag Affinity Gel (B23102, Biotool) for 12 h at 4°C. Bound complexes were washed with flag lysis buffer and subjected to SDS-PAGE.
WWP2 knockdown in HUVECs
Control and WWP2 siRNAa were obtained from RIBOBIO (China). WWP2 knockdown was carried out using jetPRIME transfection reagent obtained from PolyPlus (France) (siRNA/transfection reagent = 12.5 pmol/μl). For WWP2 gene targeting, we used three effective target sequences to exclude off-target effects. The efficiency of WWP2 knockdown was verified by western blot analysis. The target sequences were as follows.
WWP2 siRNA-1: GATCTGGGAAATGTGCCTA WWP2 siRNA-2: GGTGCTTCAGCCAGAACAA WWP2 siRNA-3: CGGACGTGTCTATTATGTT vector (GeneChem). Four truncated Septin4 plasmids containing different domains were constructed: N-terminal and GTPase domains with a Flag-tag; N-terminal domain alone with a Flag-tag; C-terminal domain alone with a Flag-tag; C-terminal and GTPase domains with a Flag-tag.
Antibodies and reagents
Antibodies included polyclonal goat anti-Septin4 (1:1000; abcam, USA), polyclonal rabbit anti-WWP2 (1:1000; abcam; 1:500; Proteintech, USA), monoclonal rabbit anti-HA (1:1000; Cell Signaling Technology, USA), monoclonal rabbit anti-Myc (1:1000; Cell Signaling Technology), monoclonal rabbit anti-Flag (1:1000; abcam), polyclonal rabbit anti-caspase-3 (1:1000; Cell Signaling Technology), monoclonal rabbit anti-PARP1 (1:1000; Cell Signaling Technology), polyclonal rabbit anti-collagen I (1:1000; Proteintech), polyclonal rabbit anti-aerfa5-SMA (1:1000; Proteintech), polyclonal rabbit anti-OGG1 (1:500; Proteintech), polyclonal rabbit anti-SOD1 (1:500; Proteintech), monoclonal mouse anti-3-nitrotyrosine (1:1000; abcam), monoclonal mouse anti-β-tubulin (1:2000; abcam), and monoclonal mouse anti-GAPDH (1:2000; abcam). MG132 was reconstituted in DMSO (10 μM), which was obtained from Biotool (USA). CHX was obtained from Biotool and used at 10 μM in DMSO.
Ubiquitination assay
HUVECs and 293T cells were lysed in 1% SDS buffer (Tris, pH 7.5, 0.5 mM EDTA, and 1 mM DTT) and boiled for 10 min. The cell lysates (500 μl) were incubated with the anti-Septin4 antibody (antibody/cell lysate = 1 μg/mg) for 3 h and then incubated with 30 μl of Protein A/G immunoprecipitation magnetic beads for 12 h at 4°C or 30 μl of anti-Flag Affinity Gel for 12 h at 4°C. Analyses of Septin4 or Septin4 (K174R) ubiquitination were performed by anti-HA immunoblotting.
Cell viability, apoptosis, and ROS assays
A Cell Counting Kit-8 assay (CCK-8; Dojindo, Kumamoto, Japan) was used to estimate cell viability. In brief, HUVECs were seeded onto 96-well plates (NEST Biotechnology) at 5 × 10 3 cells/well in DMEM supplemented with 10% FBS and subsequently transfected with control or Flag-WWP2 plasmids using Lipofectamine 3000 (plasmid/transfection reagent = 1 μg/2.4 μl) or control-siRNA or WWP2 siRNAs using jetPRIME (PolyPlus) (siRNA/transfection reagent = 12.5 pmol/μl). After H 2 O 2 exposure, 100 μl CCK-8 solution was added to each well, followed by incubation for 2 h. Cell viability (optical density) was measured at 450 nm by a Bio-Rad microplate reader (Model 680; Bio-Rad Laboratories, Inc., Hercules, CA, USA). An annexin V-fluorescein isothiocyanate (FITC)/PI assay (Beyotime Institute of Biotechnology; cat. no. C1062) was performed to detect apoptosis by flow cytometric analysis, according to the manufacturer's instructions. Briefly, the cells were cultured in 6-well plates (NEST, USA) at 5 × 10 5 cells/well in DMEM with 10% FBS. Following the various group transfections for 36 h, HUVECs were exposed to H 2 O 2 (500 μmol/l) or PBS for 12 h. The cells were collected and resuspended in 500 μl binding buffer with 5 μL annexin-V and 5 μL PI solutions, followed by incubation for 15 min at room temperature in the dark. Finally, a FACSCalibur flow cytometer was used to analyze the cells. Annexin V-FITC and PI detection were conducted using FL-1 and FL-2 channels, respectively. Intracellular ROS was detected using ROS-mediated conversion of non-fluorescent 2,7-DCFH-DA (1 μl/ml; 10 μM) to fluorescent DCFH, following the various group transfections for 36 h. HUVECs were exposed to H 2 O 2 (500 μmol/ l) or PBS for 12 h. Then DCFH was excited at 488 nm and emission was measured at 525 nm by fluorescence microscopy.
Western blotting
After incubating as described above, to extract proteins, cells were lysed in Co-IP buffer and then centrifuged at 13300 rpm for 20 min at 4°C. Protein concentrations were determined by the BCA protein assay (Dingguo Changsheng Biotechnology, China) and 50 μg for each sample. After blocking with 5% bovine serum albumin in Tris buffered saline Tween at room temperature for 1 h, membranes were incubated overnight at 4°C with the corresponding antibody. Data were normalized to the GAPDH or β-Tubulin content of the same sample and analyzed by ImageJ software version 1.46 (National Institutes of Health, USA). At least three blots were used for quantification and quantified data are shown as means ± standard deviation (SD).
Statistical analysis
Data are presented as means ± SD. Homogeneity of variance was evaluated by the F-test (group pair) or Brown-Forsythe test (multiple groups). The Shapiro-Wilk test was used to assess data normality. Student's and Welch's t-tests were employed to assess data of group pairs with normal and skewed distributions, respectively (two groups). One-way and two-way ANOVAs were performed to compare groups for single and two factors, respectively. P-values were adjusted for multiple comparisons when applicable. All data were analyzed by SPSS 22.0 (SPSS, USA). P < 0.05 was considered as statistically significant.
Results
Endothelial/myeloid WWP2 knockout in mice significantly aggravates AngII-induced hypertensive vascular oxidative stress
To investigate the roles of WWP-E3-ubiquitinated ligases in AngIIinduced hypertensive endothelial injury and vascular remodeling after endothelial injury, AngII was used to induce hypertensive angiopathy in C57B6/L mice in vivo. Upon hypertensive angiopathy in mice, the levels of WWP2, but not those of WWP1, were decreased significantly ( Supplementary Fig. S1 ). These results demonstrated that WWP2, but not WWP1, may be involved in hypertensive endothelial injury and vascular remodeling after endothelial injury in vivo.
To further assess the role of WWP2 in hypertensive endothelial injury and vascular remodeling after endothelial injury in vivo, endothelial/myeloid-specific WWP2 knockout mice (Tek Cre+;WWP2 FL/ FL ) were generated. Tek Cre+;WWP2 FL/FL and Tek Cre-;WWP2 FL/FL mice were subjected to NaCl or AngII infusion via osmotic minipumps for 2 weeks. Then, WWP2 protein expression was examined by western blotting, confirming establishment of Tek Cre+;WWP2 FL/FL mice with scrambled Tek Cre-;WWP2 FL/FL mice used as controls ( Fig. 1A-C ).
Hypertensive vascular oxidative stress can lead to injury of endothelial cells, which is crucial for hypertensive angiopathy and atherosclerosis. Therefore, we determined the role of WWP2 in hypertensive vascular oxidative stress induced by AngII. Vascular oxidative stress markers, including 3-nitrotyrosine, OGG1, and SOD1, were detected by western blotting. Compared with Tek Cre-;WWP2 FL/FL mice, Tek Cre+;WWP2 FL/FL mice had markedly elevated oxidative stress markers 3-nitrotyrosine and OGG1 (Fig. 1D , E) and a significantly decreased antioxidant marker in SOD1 ( Fig. 1D and E) . These data suggested that WWP2 was involved in the prevention of hypertensive vascular oxidative stress as a protective factor in mice.
Endothelial/myeloid-specific WWP2 knockout in mice significantly aggravates AngII-induced hypertensive angiopathy
To quantitatively assess hypertensive vascular remodeling after endothelial injury, contrast-enhanced microCT was employed for animal imaging. The 3D micromorphological properties of blood vessels were visualized in Tek Cre+;WWP2 FL/FL and Tek Cre-;WWP2 FL/FL mice administered AngII for 2 weeks by a longitudinal microCT scan series. The blood vessel perimeter was simultaneously quantified with a contrast solution containing iodine as described previously [20] . Via 2D transversal, sagittal and coronal microCT images, and 3D reconstruction, in vivo microCT allowed characterization of the blood vessel perimeter with a 20 μm voxel size as the spatial resolution. Selected images and videos revealed that vascular endothelial injury resulted in a larger blood vessel perimeter in comparison with the vehicle control group. Accordingly, blood vessel perimeters were markedly greater in mice administered AngII for 2 weeks compared with control mice (P < 0.05) ( Fig. 2) , confirming that vascular remodeling paralleled the blood vessel perimeter increase. The vascular cross-sections and morphological features of mice in each group were examined ( Fig. 2A) , and three-dimensional structures were reconstructed ( Fig. 2B ). Next, vascular circumferences were measured. Comparison between AngIItreated Tek Cre+;WWP2 FL/FL and Tek Cre-;WWP2 FL/FL mice showed that WWP2 knockout significantly aggravated hypertensive vascular remodeling in mice ( Fig. 2C and D) . Furthermore, endothelial/myeloid WWP2 knockout further aggravated the increased diastolic blood pressure induced by AngII in mice ( Fig. 2E ). These results revealed that WWP2 was involved in preventing hypertensive angiopathy as a protective factor in mice.
Endothelial/myeloid-specific WWP2 knockout in mice significantly aggravates hypertensive vascular thickening and fibrosis
Hypertensive endothelial injury induces vascular thickening and fibrosis. Therefore, we assessed the role of WWP2 in vascular thickening and fibrosis induced by Ang II. H&E staining was employed to Tek Cre-;WWP2 FL/FL mice following NaCl (vehicle) or AngII infusions for 2 weeks. Western blot analyses were then performed to assess WWP2 expression levels. (C) Quantification of data is shown as means ± SD (n = 9 mice per group; ***P < 0.001, unpaired Student's t-test; ### P < 0.001, two-way ANOVA with Bonferroni's post-hoc test). (D) Western blot analyses were carried out to assess 3-nitrotyrosine, OGG1, and SOD1 expression levels. (E) Quantification of data is shown as means ± SD (n = 9 mice per group; ***P < 0.001, unpaired Student's t-test; ### P < 0.001, two-way ANOVA with Bonferroni's post-hoc test). compare changes in the vessel wall thickness between AngII-treated Tek Cre+;WWP2 FL/FL and Tek Cre-;WWP2 FL/FL mice. The results showed that WWP2 knockout significantly enhanced vessel wall thickness ( Fig. 3A and B ). Subsequently, Masson staining was carried out to compare changes in the degree of fibrosis between AngII-treated Tek Cre+;WWP2 FL/FL and Tek Cre-;WWP2 FL/FL mice. The results suggested that WWP2 knockdown aggravated fibrosis significantly ( Fig. 3C and  D) .
In addition, we assessed whether vascular thickening and fibrosis were accompanied by expression changes of injury-related proteins, including Septin4, cleaved PARP1, and cleaved caspase-3, as well as fibrosis-associated proteins including α-SMA and col-1. Compared with Tek Cre-;WWP2 FL/FL mice, Tek Cre+;WWP2 FL/FL mice had markedly elevated fibrosis makers α-SMA and col-1 ( Fig. 3E and F) and damagerelated proteins Septin4, cleaved PARP1 and cleaved caspase-3 ( Fig. 3G and H). The above data suggested that WWP2 was involved in the prevention of hypertensive vascular wall thickening and fibrosis as a protective factor in mice.
Taken together, the above data confirmed that WWP2 endothelial/ myeloid knockout in mice significantly aggravated AngII-induced vascular ROS production ( Fig. 1) , vascular remodeling (Fig. 2) , vascular wall thickening (Fig. 3) , and vascular fibrosis ( Fig. 3 ) after vascular injury, and increased the systolic blood pressure level (Fig. 2 ).
WWP2 interacts with Septin4 via its GTPase domain
To explore the mechanisms of WWP2 in endothelial injury, we assessed the interaction between WWP2 and Septin4 that promotes endothelial injury by interacting with PARP1 [14] . First, co-immunoprecipitation of endogenous proteins was used to confirm the interaction between endothelial injury-associated protein Septin4 and WWP2 (Fig. 4A ). Next, HA-tagged WWP2 and Flag-Septin4 were used to confirm the interaction between Septin4 and WWP2 by co-immunoprecipitation exogenously (Fig. 4B) .
Considering the interaction of WWP2 with Septin4, whether AngII/ oxidative stress affects the WWP2-Septin4 interaction was investigated further. Endothelial cells (HUVECs) were incubated in the presence or absence of AngII/H 2 O 2 to induce endothelial injury. Co-immunoprecipitation results showed that AngII/H 2 O 2 increased binding between Septin4 and WWP2 in HUVECs ( Fig. 4C and D) . The above findings suggested that WWP2 was involved in endothelial injury by interacting with Septin4.
To further clarify which domain of Septin4 interacted with WWP2 and determine modification sites of Septin4 by WWP2, Septin4 was divided into three functional domains, namely N-terminal, C-terminal, and GTPase domains (Fig. 4E) . We then performed co-immunoprecipitation to analyze the interaction between endogenous WWP2 and full-length Flag-tagged Septin4 or various Flag-Septin4 truncated mutants. The results showed that WWP2 mainly bound to the GTPase domain of Septin4 (Fig. 4F) . 
WWP2 participates in degradation of Septin4 by the proteasomedependent pathway
To clarify whether WWP2 affects the expression of Septin4, the role of WWP2 in Septin4 stability was examined further. WWP2 was exogenously overexpressed in a gradient. With increasing expression of WWP2, the expression of Septin4 showed a gradual decrease ( Fig. 5A  and B ). Then, siRNA-WWP2 was transfected exogenously to examine Septin4 expression. To prevent off-target effects, three WWP2-siRNA sequences were designed. After HUVEC transfection with control-siRNA, WWP2-siRNA-1, WWP2-siRNA-2 or WWP2-siRNA-3, the knockdown efficiencies of the three WWP2-siRNA sequences were examined by western blotting. The results showed that the three sequences significantly reduced WWP2 expression, but markedly increased Septin4 levels ( Fig. 5C and D) . Therefore, WWP2 reduces Septin4 protein levels.
To examine whether WWP2 reduced Septin4 protein levels by inhibiting transcription of the Septin4 gene, a time-gradient treatment with transcription inhibitor cycloheximide (CHX) was performed to inhibit Septin4 gene transcription after transfection with control-siRNA or WWP2-siRNAs. Compared with the WWP2-siRNA group, the control-siRNA group displayed markedly reduced Septin4 protein levels ( Fig. 5E and F ), suggesting that WWP2 did not affect transcription of the Septin4 gene.
Furthermore, to examine whether WWP2 reduced Septin4 protein levels by promoting Septin4 protein degradation via the proteasome pathway, a time-gradient treatment with proteasome inhibitor MG132 was performed to inhibit Septin4 protein degradation after transfection with control-siRNA or WWP2-siRNAs. The data demonstrated that Septin4 protein levels increased over time after MG132 administration in the control-siRNA group. However, Septin4 protein was maintained at higher levels after MG132 administration in the WWP2-siRNA group (Fig. 5G and H) . These findings suggested that WWP2 was dependent on the proteasome pathway to decrease Septin4 protein levels.
WWP2 ubiquitinates Septin4 via the K174 site
To determine whether WWP2-induced Septin4 degradation by the proteasome was dependent on polyubiquitination, HA-tagged WWP2 and Flag-tagged Septin4 were overexpressed in the presence or absence of proteasome inhibitor MG132. An exogenous co-immunoprecipitation assay showed that binding between WWP2 and Septin4 was enhanced in the absence of MG132 (Fig. 6A) . Moreover, an endogenous co-immunoprecipitation assay confirmed enhancement of binding between WWP2 and Septin4 under the action of MG132 (Fig. 6B ). Furthermore, after exogenous overexpression of HA-tagged WWP2, Flag-tagged Septin4, and HA-UB in the presence of MG132, changes in Septin4 ubiquitination levels were detected by co-immunoprecipitation. The results showed that Septin4 ubiquitination levels were increased significantly after WWP2 overexpression (Fig. 6C ). In addition, Flagtagged Septin4 and HA-UB were overexpressed simultaneously in normal and WWP2 knockdown cells. As a result, Septin4 ubiquitination levels were decreased significantly after knockdown of WWP2 (Fig. 6D) . These findings suggested that WWP2-induced Septin4 degradation by the proteasome was dependent on polyubiquitination.
To further clarify the ubiquitination sites of Septin4 by WWP2 and provide the most direct evidence for ubiquitination of Septin4 by WWP2, we screened the ubiquitination sites according to the interaction domain of Septin4 and WWP2. The potential ubiquitination site of Septin4-(K174) was assessed after K174 mutation (K-R). Wildtype Septin4 and K174R-Septin4 were overexpressed exogenously. Co-immunoprecipitation assays confirmed that overexpression of K174R-Septin4 significantly decreased the ubiquitination levels of Septin4 compared with the wildtype group (Fig. 6E) . These results confirmed that WWP2 regulated Septin4 polyubiquitination through the K174 site and promoted Septin4 degradation by the proteasome pathway.
WWP2 inhibits the endothelial injury complex Septin4-PARP1 to reduce endothelial cell injury
Because Septin4 interacts with PARP1 to form the endothelial injury complex [14] , we next clarified whether WWP2 degrades Septin4 and reduces the interaction between Septin4 and PARP1, thereby relieving endothelial cell injury. We found that WWP2 overexpression significantly decreased the interaction between Septin4 and PARP1, whereas WWP2 knockdown significantly increased the interaction between Septin4 and PARP1 by endogenous and exogenous co-immunoprecipitation ( Fig. 7A and B) .
Because oxidative stress causes hypertensive endothelial injury, we used H 2 O 2 to simulate HUVECs in vitro. HUVECs were treated with 0, 250, 500, and 750 μmol/L H 2 O 2 for 12 h. Next, we further clarified the role of WWP2 in oxidative stress-induced endothelial injury in vitro. As shown in Supplementary Fig. S2 , upon endothelial cell injury, WWP2 expression was decreased significantly, while endothelial cell injuryassociated proteins Septin4, cleaved PARP1, and cleaved caspase-3 expression elevated remarkably. In addition, WWP2 overexpression significantly decreased H 2 O 2 -induced expression of Septin4, cleaved PARP1, and cleaved caspase-3 ( Fig. 7C and D) . Conversely, WWP2 knockdown significantly increased the expression of H 2 O 2 -induced endothelial cell injury-associated proteins (Fig. 7E and F) . These results suggested that WWP2 degraded Septin4 through the ubiquitin-proteasome pathway and inhibited formation of the Septin4-PARP1 complex, thereby counteracting endothelial injury.
WWP2 maintains endothelial cell viability and suppresses endothelial cell apoptosis and ROS production
As shown in Supplementary Fig. S3 , with the increase of the H 2 O 2 concentration, HUVEC viability was decreased significantly, while HUVEC apoptosis and ROS production were increased significantly.
To assess the effects of WWP2 on HUVEC injury, apoptosis, and ROS production induced by H 2 O 2 , the cells were transfected with control or Flag-WWP2 plasmids for 36 h and then treated with H 2 O 2 for 12 h. As shown in Fig. 8 , overexpression of WWP2 significantly reduced H 2 O 2associated HUVEC cytotoxicity, apoptosis, and ROS synthesis (Fig. 8A,  C, and E) . Conversely, the cells underwent transfection with negative control-siRNA or WWP2-siRNAs for 36 h, followed by H 2 O 2 administration for 12 h. As a result, WWP2 knockdown significantly enhanced H 2 O 2 -induced HUVEC cytotoxicity, apoptosis, and ROS production ( Fig. 8B, D, and F) . In addition, WWP2 overexpression significantly decreased oxidative stress markers 3-nitrotyrosine and OGG1, and significantly stabilized antioxidant marker SOD1 (Fig. 8G) . Conversely, WWP2 knockdown significantly increased oxidative stress markers 3nitrotyrosine and OGG1, and significantly decreased antioxidant marker SOD1 (Fig. 8H) . These results revealed WWP2 as a novel protective regulator against endothelial injury and vascular remodeling (caption on next page) N. Zhang, et al. Redox Biology 30 (2020) 101419 after endothelial injury in vivo and in vitro as well as the molecular mechanism.
Discussion
The main findings of this study are that WWP2 interacted with the GTP domain of Septin4, ubiquitinated Septin4-K174, and degraded Septin4 through the ubiquitin-proteasome pathway under physiological conditions, which prevented hypertensive angiopathy. Under oxidative stress or AngII-induced endothelial injury, WWP2 showed significantly decreased expression, losing its ability to bind Septin4-GTP, and then ubiquitination of Septin4-K174 was reduced, and the Septin4-PARP1 apoptosis complex was formed, resulting in hypertensive angiopathy.
The NEDD4 family is a subfamily of HECT-type ligases with three functional domains including N-terminal-C2, WW (double tryptophan), and C-terminal-HECT domains. Previous studies have reported that NEDD4 family members participate in and regulate various biological activities such as membrane protein transport, signal transduction, transcription, and the cell cycle through ubiquitination of various substrates [16, 17] . In the present study, the NEDD4 family member WWP2 was involved in endothelial injury and vascular remodeling after endothelial injury as a novel regulatory factor, unlike WWP1 that is a member of the same family. WWP2 was originally identified as a tumorpromoting factor that interacts with and ubiquitinates Smads, which inhibits TGFβ-induced epithelial-mesenchymal transition [18] . WWP2 also interacts with the tumor suppressor PTEN and promotes its degradation via the proteasome pathway, thereby inducing tumorigenesis [19] . In addition, WWP2 maintains stemness of embryonic stem cells by regulating OCT4 [20] . WWP2 is involved in T cell activation, osteoblast differentiation, and bone development by regulating EGR2 ubiquitination and RUNX2 monoubiquitination [21, 22] . Furthermore, the WW domain of WWP2 interacts with the CTD domain of the RNA polymerase II functional subunit Rpb1, and WWP2 degrades Rpb1 through the ubiquitin-proteasome pathway, improving the overall efficiency of transcription and ensuring normal transcription [23] . This study showed that WWP2 was involved in endothelial injury as a protective factor, and endothelial/myeloid-specific WWP2 knockout in mice significantly aggravated endothelial cell injury and vascular remodeling after endothelial injury. Mechanistically, the current study demonstrated that the endothelial injury factor Septin4 was a new physiological substrate of WWP2. Moreover, WWP2 ubiquitinated Septin4-K174 by interacting with the GTPase domain of Septin4 and promoted Septin4 degradation by the ubiquitin-proteasome pathway, thereby counteracting endothelial injury and vascular remodeling after endothelial injury.
Septin4 is a mitochondrial protein in eukaryotic cells, which is mainly located at the 17q23 chromosome [24] . It contributes to multiple physiologically relevant processes including cytokinesis, fibrogenesis, cytoskeletal reorganization, vesicle trafficking, and tumor suppression [25] [26] [27] . The mitochondrial localization and proapoptotic functions of Septin4 have not been found in other known Septin family members [28, 29] . Septin4 does not have the typical IBM structure of most IAP antagonists, but it interacts with the BIR3 domain of XIAP through the specific sequence ARTS-IBM [30, 31] . In addition, Septin4 activates cytochrome C and SMAC upstream of the mitochondrial apoptotic pathway to promote apoptosis [32] . Our previous study showed that Septin4 is a major inducer of endothelial cell injury, promoting oxidative stress-associated endothelial cell injury via an interaction with PARP1 [15] . In this study, WWP2 degraded Septin4 through the ubiquitin-proteasome pathway, thereby reducing the Septin4-PARP1 endothelial cell injury complex. This explains the molecular mechanism of WWP2 as a new regulatory factor involved in endothelial injury and vascular remodeling after endothelial injury.
Previous studies have shown that Septin4 expression is mainly affected by transcriptional regulation. However, the present study found that Septin4 was also subjected to post-translational modifications. Indeed, WWP2 was identified as the E3 ubiquitin ligase of Septin4, ubiquitinating Septin4-K174 via an interaction with the GTPase domain of Septin4 that has three domains. The first domain is a disordered Nterminal domain that contains many prolines and regulates proteinprotein interactions [33] [34] [35] . The second domain, namely the GTPase domain, does not contain the central G4 domain. The proapoptotic activity of Septin4 is decreased by P-loop domain mutation [36, 37] . The third domain includes deletion of the C-terminus of the coiled-coil structure, which makes the Septin4 structure more flexible and able to interact with XIAP in different regions to participate in and regulate apoptosis [27] . The Septin4-K174 ubiquitination site was located in the GTPase domain, and Septin4 was regulated by WWP2. Therefore, this study revealed a role of WWP2 in endothelial injury and demonstrated that the WWP2-Septin4 axis participated in endothelial injury and vascular remodeling after endothelial injury as a novel regulatory pathway. The current findings may provide new therapeutic targets for diseases associated with endothelial injury and vascular remodeling after endothelial injury, such as atherosclerosis and hypertensive vascular diseases.
Our study also has some limitations. The Tek-Cre system has substantial non-specificity and might target several immune cell types. Similarly, immune cells have a dramatic effect on endothelial cell functions, especially in the AngII model [38, 39] . Therefore, we will use the Cadh5-Cre model for endothelial cell-specific gene deletion to clarify the role of WWP2 in AngII-induced endothelial injury and vascular remodeling after endothelial injury in mice. In addition, further studies will clarify whether other E3 ubiquitin ligases are involved in endothelial injury and vascular remodeling after endothelial injury. Moreover, whether or not WWP2 acts as a protective factor in atherosclerosis and hypertension patients warrants further investigation.
Conclusions
WWP2 ubiquitinates the Septin4-K174 site by interacting with the Septin4-GTP domain and degrades Septin4 via the ubiquitin-proteasome pathway. This inhibits formation of the Septin4-PARP1 complex to suppress endothelial injury and vascular remodeling after endothelial injury. These findings provide a theoretical basis to develop new therapeutic drug targets for atherosclerosis and hypertensive vascular diseases.
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The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. Fig. 8 . WWP2 inhibits HUVEC apoptosis and ROS production induced by oxidative stress. HUVECs were transfected with Flag-control or Flag-WWP2 plasmids for 36 h and then treated with H 2 O 2 for 12 h. (A) CCK8 assays were used to assess HUVEC viability. Quantitated data are shown as means ± SD (***P < 0.001, unpaired Student's t-test). (C) Flow cytometry was performed to assess HUVEC apoptosis. Quantitated data are shown as means ± SD (**P < 0.01, two-way ANOVA with Bonferroni's post-hoc test). (E) Immunofluorescence staining of ROS was performed to assess oxidative stress levels in HUVECs. Quantitated data are shown as means ± SD (**P < 0.01, two-way ANOVA with Bonferroni's post-hoc test). (G) 3-Nitrotyrosine, OGG1, and SOD1 were detected by western blotting. Quantitated data are means ± SD (**P < 0.001, *P < 0.05, two-way ANOVA with Bonferroni's post-hoc test). HUVECs underwent transfection with control-siRNA or WWP2-siRNA for 36 h and were then treated with H 2 O 2 for 12 h. (B) CCK8 assays, (D) flow cytometry, (F) immunofluorescence staining of ROS, and (H) western blotting were performed as described above.
